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Introduction

HE liquid sheet radiator (LSR) is an external flow radiatorthat uses a triangular-shaped flowing liquid sheet as the

radiating surface. It has potentially much lower mass than solid

wall radiators such as pumped loop and heat pipe radiators,

along with being nearly immune to micrometeoroid penetra-
tion. The LSR has an added advantage of simplicity. Surface

tension causes a thin (100-300-/xm) liquid sheet to coalesce

to a point, causing the sheet flow to have a triangular shape.
Such a triangular sheet is desirable since it allows for simple

collection of the flow at a single point.

A major problem for all external flow radiators is the re-

quirement that the working fluid be of very low (-10 -s torr)

vapor pressure to keep evaporative losses low. As a result,

working fluids are limited to certain oils (such as used in dif-

fusion pumps) for low temperatures (300-400 K) and liquid
metals for higher temperatures.

Previous research on the LSR has been directed at under-

standing the fluid mechanics of thin sheet flows 1_ and assess-

ing the stability of such flows, especially with regard to the
formation of holes in the sheet. 3 Taylor 4-6 studied extensively

the stability of thin liquid sheets both theoretically and exper-

imentally. He showed that thin sheets in a vacuum are stable.
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The latest research has been directed at determining the emit-

tance of thin sheet flows. The emittance was calculated from

sPectral transmittance data for the Dow Coming 705 silicone
oil. By experimentally setting up a sheet flow, the emittance
was also determined as a function of measurable quantities,

most importantly, the temperature drop between the top of the
sheet and the temperature at the coalescence point of the sheet.

Temperature fluctuations upstream of the liquid sheet were a

potential problem in the analysis and were investigated.

Analysis and Results

Sheet Emittanee from Transmittance Data

The following expression is given for the spectral emittance

e, of an infinite sheet, 1

_, = 1 - t, = 1 - 2E3(c_ar) . (1)

where ta is the spectral transmittance, a, is the extinction co-

efficient, r is the thickness of the sheet, and E3(x) is the ex-

ponential integral of order three. In obtaining Eq. (1) reflection
at the vacuum, sheet interface has been neglected. Including

all reflection results in a more complex expression for the emit-

tance. 7 The major correction to Eq. (1) is that it should be
multiplied by (1 - R), where R is the reflectance at the vac-
uum-sheet interface. Using an index of refraction, n = 1.58, 8
results in a normal reflectance ofR = (n - 1)2/(n + 1) 2 = 0.05.

Therefore, to first order, the inclusion of reflectance results in

a less than 10% correction to Eq. (1). The total hemispherical
emittance is defined as followsg:

fo" e^e_(h, T) dh

(2)£----.
o'sbT 4

where cab is the blackbody hemispherical spectral emissive

power, T is the temperature, A is the wavelength, and o% is
the Stefan-Boltzmann constant (5.67 × 10 .8 W/m 2 K4).

From the measured spectral transmission of the oil t,, the
extinction coefficient ota is calculated as given in Ref. 10. The

total emittance e is then calculated for any thickness z, and

any temperature T, using Eqs. (1) and (2). Transmittance data

were taken for a sample of the Dow Coming 705 silicone oil
with a Fourier transform infrared (FTIR) spectrophotometer.

From this transmittance data, the extinction coefficient was

determined, 1° and the extinction coefficient is plotted as a func-

tion of wavelength in Fig. 1. A further advantage of Dow

Coming 705 silicone oil is the extinction coefficient's maxi-

mum around 9-10/xm. For 300-400 K, the blackbody hemi-

spherical emissive power is a maximum at 8-10/_m. Because
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of this overlapping of maxima, the total hemispherical emit-
tance will be large for the 300-400 K temperature region,

which is a typical bottom temperature in a space-heat engine

cycle. For the temperature range (300-400 K) where the sil-

icone oils can be used, e_ is negligible for A < 2.5 _m and

also for )t > 70/zm. Because of this the integration in Eq. (2)
was carried out for the wavelength region 2.5 < )t < 70/zm.

Sheet Emittance from Measured Temperature Drop

The working fluid flows in the z direction from a slit of
prescribed width W and thickness I". It coalesces to a point at
z = L to form a triangular sheet of liquid of length L with the

planform area of the sheet acting as a radiating surface. When

surrounded by a sink temperature T=, lower than the initial

fluid temperature, the fluid temperature decreases as a function

of the vertical position z, until reaching the coalescence point.
A number of simplifying assumptions can be made. Al-

though the sheet thickness decreases with distance from the
slit because of gravity, the effect may be neglected because

the Froude number (the ratio of the kinetic energy to gravita-

tional potential energy) for this experiment is high enough that

gravitational effects on the sheet geometry can be neglected.
Also because of the large Froude number, the sheet shape is

exactly triangular. 2 If heat transfer caused by conduction and

convection is neglected (this is reasonable provided a sufficient
vacuum is maintained), then in the steady state, the radiated

power must balance the enthalpy change

P,_ = 2o',_ I s(T" - T_) dA = pQCp(T_ - 7"2)
ja

(3)

where T is the temperature of the sheet, A is the sheet area,

is the total hemispherical emittance, p is the density of the

fluid, Cp is the specific heat, Q is the volumetric flow rate, 7"1

is the temperature of the oil at the top of the sheet, and Tz is

the temperature at the coalescence point. The factor of 2 arises
because both sides of the sheet radiate. The background in the

experiment is a black painted surface. It is assumed to behave

as a blackbody with _® = 1 and a constant temperature. It is
assumed that the emittance and sink temperature are constant

for the sheet area and that T varies only in the z-direction. In

Ref. 10, the solution to the steady-state energy equation is
carried out to determine T(z), which can then be used to do

the integration in Eq. (3). However, since the temperature drop
AT = T_ -- 7"2 is only a few tenths of a degree in our experi-

ment, the approximation T = T_ may be made in Eq. (3) with

a percent deviation of less than 1%._° This gives the following:

PCeQAT (4)
e,= o'_bWL(T_ -- T_)

The emittance is calculated directly from Eq. (4) provided
measurements are available for the three temperatures/'1, 7"2,

and T,; the flow rate Q; and the sheet length L. The specific

heat Cp and the density p were measured as functions of tem-

perature at NASA Lewis Research Center.
The test facility that was used consists of a 30-cm-i.d. stain-

less-steel pipe 3.5 m long. The axis of the pipe was aligned

with the gravity field (z direction). Vacuum conditions existed

within the pipe with the pressure about 0.02-0.04 tort. At
these conditions, aerodynamic drag on the sheet flow, as well

as heat transfer from conduction and convection, was negli-

gible. Dow Coming 705 silicone oil was pumped up to a 10

gal plenum above the slit. Within the plenum, vibrations and

temperature fluctuations were effectively damped out. The

fluid temperature was maintained at 373 K. Four different slit

plate sizes were tested: r = 100/.tm × W = 12.5 cm, r = 150
/_m × W = 23.5 cm, _"= 200 /_m × W = 23.5 cm, and _" =

300 _m × W = 18.75 cm.
With these conditions, the temperature drop is very small,

around 0.3 K. For this reason, carefully calibrated ultrastable

thermistors were used to measure 7"i and ?'2. Other techniques,

such as optical techniques, would be unable to give the tem-

perature resolution needed. The thermistors are responsive to
0.01 K temperature changes, The upper thermistor was located

right above the slit in the plenum. The lower thermistor was
located on an actuator platform on which the thermistor swung

around horizontally. The platform traveled vertically and the

thermistor was positioned directly in the coalescence point to

get the full temperature drop /'1 - T2. Since the vessel was
enclosed, the actuator had video camera and light to visually

position the thermistor in the flow.
A coolant continuously circulated between a baffle and the

vessel wall to maintain the sink temperature at a constant 300

K and thermocouples measured the sink temperature. To mea-

sure Q a calibration done at NASA Lewis Research Center of

the pressure drop across a calibrated orifice in the oil supply
line was used to measure Q (Ref. 1(3). To measure L the ac-

tuator probe's vertical position was recorded when the lower

thermistor was positioned in the coalescence point. With these
measured values, the emittance was calculated.

An experimental investigation of temperature fluctuations
was also carded out. The thermistors response time is 1.5 s,

thus, experiments were conducted where T_ was measured at

1.5-s intervals. The average temperature change in this interval
was found to be 0.031 K and the largest temperature change

was found to be 0.054 K. Fluctuations of 0.05 K or greater

occurred 17% of the time. 0.05 K is large for our purposes,

however, if the period of the fluctuations is much greater than

the flow time (the time it takes a particle to traverse the sheet
or Llwo and wo is the velocity in the z direction), then the

temperature fluctuation's effect on AT will not be significant.
The flow time was calculated and found to be 0.081 s for the

100-/xm sheet, 0.185 for the 150-p,m sheet, 0.214 s for the

200-/xm sheet, and 0.209 s for the 300-p,m sheet. These flow

times are not small enough to ignore the fluctuations upstream

of the slit plate. Thus, to eliminate the fluctuations as many

precautions as were available were taken. The facility is in-
sulated everywhere and the only possible source of tempera-
ture fluctuations introduced are from the heaters. To eliminate

any heater fluctuations, the heaters were turned off during the
time the data were taken.

The resulting experimental emittance using Eq. (4) along
with the theoretical emittance using Eq. (1) is shown in Fig.

2. The emittance of the oil in the 300-400 K region proved

to be quite high. The experimental emittance of the sheet is
between 0.74-0.85, depending on the sheet thickness and oil

temperature. The percent deviation for the experimental emit-
tance is 6.8% at 100 _m, 5.6% at 150 _m, 2.4% at 200 _m,

and 5.0% at 300/zm. The emittance calculated from the trans-

mittance data agreed closely with the experimental values. The

experimental values were slightly less than the theoretical val-
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Fig. 2 Comparison of theoretical and experimental total hemi-
spherical emittanee for Dew Coming "/05 oil.

ues for all sheet thicknesses. As shown in Fig. 2, the emittance

increases with an increase in temperature and an increase in

sheet thickness. As the temperature increases past 400 K, the

blackbody • hemispherical spectral power is a maximum at

wavelengths shorter than 9-10 /zm where spectral emittance
is a maximum. Thus, the overall hemispherical emittance will

begin to decrease as the temperature increases beyond 400 K.
As the sheet thickness is increased, the emittance will level off
and reach a constant value.

Conclusion

The emittance of a thin liquid sheet flow of Dew Coming

705 oil was determined by two methods. From the analysis

and results, several points can be made. It is evident that the

Dew Coming 705 liquid sheet has a strong potential of func-

tioning well" as a radiator. The experimental emittance and the

calculated emittance show high values averaging from 0.74 to

0.85. Because reflectance was neglected in Eq. (1), the cal-

culated emittance has an error of approximately 5%. Experi-

mentally, it was difficult to determine if the temperature fluc-
tuations were insignificant, but efforts were made to eliminate
any fluctuations. Thus far, research on the liquid sheet indi-
cates it is an excellent candidate for a low mass space radiator.
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